ABSTRACT: Decarboxylative coupling reactions of alkynyl carboxylic acids with aryl tosylates were developed in the presence of a palladium catalyst. Among the commercially available phosphine ligands, only 1-dicyclohexylphosphino-2-(di-tert−butylphosphino-ethyl)ferrocene (CyPF-tBu) showed good reactivity. The reaction took place smoothly and gave the decarboxylative coupled products in moderate to good yields. This demonstrates the excellent functional group tolerance toward alkyl, alkoxy, fluoro, thiophenyl, ester, and ketone groups. In addition, alkyl-substituted propiolic acids, such as octynoic and hexynoic acids, were coupled with phenyl tosylate to provide the desired products. We found that the electronic properties of the substituents on the phenyl ring in arylpropiolic acids are an important factor. The order of reactivity was found to be aryl iodide > aryl bromide > aryl tosylate > aryl chloride. However, aryl chloride-bearing electron-withdrawing groups showed higher reactivity than those bearing aryl tosylates.
INTRODUCTION
Transition-metal-catalyzed coupling reactions with aryl halides and nucleophiles have developed significantly and are widely used in fields requiring organic syntheses, such as pharmaceuticals and materials science.
1
For coupling reactions, aryl iodides are the most reactive substrates, followed by aryl bromides. Aryl triflates and mesylates have frequently been employed as pseudoaryl halides in coupling reactions because they are easily prepared from phenol derivatives, which are readily accessible and inexpensive compared to aryl halides.
2 However, they have some drawbacks, that is, the former require the use of expensive triflating agents and the latter show low activity. To address these issues, tosylates, phosphates, and carboxylates have been used as alternative pseudohalides.
3 Among them, aryl tosylates have several advantages: they are less expensive, readily prepared from phenol derivatives, and easy to handle because of their high hydrolytic stability and crystallinity. 4 To synthesize aryl alkynes, one of the most powerful tools is the Sonogashira reaction, which is a modified Heck's discovery and a palladium-catalyzed coupling reaction of terminal alkynes and aryl halides or pseudohalides in the presence of copper salts. 5 Since Sonogashira first reported this reaction in 1975, many studies have been carried out and remarkable improvements to the reactivity and scope of the reaction have been made. Beneficial from an environmental and economic point of view, copper-free, amine-free, high-turnover, recyclable catalysts that can operate under aqueous conditions have also been developed. 6 However, in most cases, the coupling partners for the terminal alkyne are aryl halides, such as iodides, bromides, and chlorides. The Sonogashira coupling of aryl tosylates has been much less explored compared to those of aryl halides. The first example of Sonogashira reaction with aryl tosylates using the XPhos ligand was reported by Buchwald's group. 7 This catalyst system has been used by other groups, but it requires slow addition of alkyne to obtain a high product yield. Consequently, 1-dicyclohexylphosphino-2-(di-tert−butylphosphino-ethyl)ferrocene (CyPF-tBu) has been used as the ligand in the palladium-catalyzed Sonogashira coupling of aryl tosylates, 8 and N-heterocyclic carbine-Pd(II) complexes have been reported by Lu and Shen 9 in the coupling of aryl tosylates. An alternative Sonogashira-type coupling, the decarboxylative coupling of propiolic acid and aryl halides, was first reported by our group. 10 Compared to aryl terminal alkynes as the alkyne source, the use of arylpropiolic acids has several advantages. They are readily prepared from aryl halides via a single step without a column chromatography step.
11 Therefore, the range of alkyne source compounds is broad. The decarboxylative coupling reaction with aryl halides, such as iodides, bromides, and chlorides, was developed by our and other groups.
12
Coupling with aryl triflates was reported by Lee (Scheme 1a). 13 Recently, we developed oxidative decarboxylative coupling reactions with arylboronic acids or aryl siloxanes using palladium or nickel catalysts (Scheme 1b).
14 Although considerable related results have been achieved since our first report concerning decarboxylative coupling reactions, this type of reaction with aryl tosylates has not been previously reported. Very recently, Satoh's group reported the Sonogashira-type coupling of 2,2-difluorophenyl tosylate with phenylpropiolic acid to obtain difluorinated enynes. 15 However, their method is limited to 2,2-difluoroethynyl tosylate and the coupling with aryl tosylates was not successful. Moreover, aryl tosylates are much less reactive than vinyl tosylates. Herein, we report a palladium-catalyzed decarboxylative coupling reaction with alkynyl carboxylic acids and aryl tosylates.
RESULTS AND DISCUSSION
To optimize the reaction conditions, we screened the ligands first because the ligand is the most important factor in coupling reactions with aryl tosylates, which show low reactivity toward palladium-catalyzed coupling reactions. Phenyl tosylate and phenylpropiolic acid were chosen as the model substrates. Many biphenyl phosphine derivatives, which are known as Buchwald-type ligands, have been used. Unfortunately, biphenyl phosphines, which are commercially available, did not give the desired coupled products ( 17 and 18) . The reaction in dimethylformamide (DMF) provided the highest yield (entry 19). When the amount of both palladium and ligand decreased to 2.5 and 1.0 mol %, respectively, the corresponding product yields decreased to 76 and 54% (entries 20 and 21) . However, the reaction with 1.5 mol % Pd and 5.0 mol % CyPF-t-Bu afforded the desired product in 94% yield (entry 22) . In addition, we found that the reaction was completed in 6 h (entry 23). The optimized conditions are arylpropiolic acid (1.0 equiv), aryl tosylate (1.0 equiv), Pd(PPh 3 ) 2 Cl 2 (1.5 mol %), CyPF-tBu (5 mol %), and Cs 2 CO 3 (1.2 equiv) in DMF at 130°C for 6 h. Under these conditions, we first evaluated a variety of substituted arylpropiolic acids. The results are summarized in Table 2 . Monomethyl-and dimethyl-substituted phenylpropiolic acids, such as 1b, 1c, 1d, 1e, and 1f, provided the corresponding products in excellent yields (entries 1−5). Ortho-, meta-, and para-methoxy-substituted phenylpropiolic acids afforded 3ga, 3ha, and 3ia in 94, 93, and 91% yields, respectively (entries 6−8).
propiolic acid produced 3ja in 88% yield (entry 9). 4′-Biphenylpropiolic acid gave rise to 3ka in 41% yield (entry 10). Fluoromethyl-and trifluoromethyl-substituted phenylpropiolic acids, such as 1l and 1m, gave the desired products 3la and 3ma in 96 and 40% yields, respectively (entries 11 and 12). 3-(Thiophen-2-yl)propiolic acid also showed a good yield (entry 13). Arylpropiolic acids bearing ketone and ester groups gave the desired products 3oa and 3pa in low yields (entries 14 and 15). However, arylpropiolic acids having aldehyde and cyano groups did not provide the desired products (entries 16 and 17) . In addition, we found that 1q and 1r were thermally decomposed under these conditions. Alkyl-substituted propiolic acids, such as octynoic and hexynoic acids, gave the coupled products 3sa and 3ta in 77 and 85% yields, respectively (entries 18 and 19) .
Next, numerous aryl tosylates were tested for the reaction with phenylpropiolic acid under the optimized conditions. The aryl tosylates shown in Table 3 were prepared from the reaction of the corresponding alcohols and tosyl chloride. Ortho-, meta-, and para-tolyl tosylates coupled with phenylpropiolic acid afforded the corresponding products 3ab, 3ac, and 3ad in 84, 97, and 96% yields, respectively (entry 1−3). 4-Methoxyphenyl tosylate resulted in a 74% yield in the formation of 3ae (entry 4). The 1-and 2-naphthyl-substituted tosylates provided the desired products 3af and 3ag in 87 and 94% yields, respectively (entries 5 and 6). Heteroaryl tosylates such as 2h and 2i also provided the coupled products 3ah and 3ai in 69 and 81% yields, respectively (entries 7 and 8). The use of 3,5-difluorophenyl tosylate 2j resulted in an 80% yield of product 3aj (entry 9).
The range of substrates was further surveyed, and the substituted aryl tosylates and arylpropiolic acids were employed in the decarboxylative coupling reaction. As shown in Table 4 , unsymmetrical diaryl alkynes were formed in moderate to good yields in most cases (entries 1−7). When meta-methylsubstituted phenylpropiolic acid 1c was used, 3ch was formed in low yield (entry 8). The coupling reaction with arylpropiolic acids bearing ketone groups resulted in the poor yield of the product (entry 9).
From this range of substrates, we found that the electronic properties of the substituents on the aryl rings in the arylpropiolic acids were very important in this decarboxylative coupling reaction; however, the steric properties of the substituents on both arylpropiolic acids and aryl tosylates did not affect this reaction significantly. We found that the use of arylpropiolic acids bearing electron-withdrawing groups resulted in low yields or no product, and both orthotolylpropiolic acid and ortho-tolyl tosylate, which are sterically demanding, showed moderate yields in this transformation.
To investigate the electronic effects, we carried out competitive experiments. When equal amounts of 1d, 1l, and 1p were reacted with phenyl tosylate (2a) in a vessel under the optimized conditions, the desired products 3da, 3la, and 3pa were formed in 42, 41, and 5% yields, respectively. This result suggests that methyl-and halo-substituted arylpropiolic acids showed almost same reactivity in the decarboxylative coupling reaction with phenyl tosylate, whereas electron-withdrawing Pd (1.5 mol %) and CyPF-tBu (5.0 mol %) were used.
e Reaction time was 6 h. f Yield was determined by gas chromatography (GC) with an internal standard. groups, such as acetyl-substituted arylpropiolic acid, showed low reactivity (Scheme 2). To further evaluate this catalytic system, competitive experiments between phenyl tosylate and aryl halides were conducted, as shown in Table 5 . We chose aryl iodides, bromides, and chlorides bearing methyl, fluoro, and acetyl groups at the para position. When 4-iodo-, 4-bromo-, and 4-chlorotoluenes were competitively reacted with phenyl tosylate, 4-iodo-and 4-bromotoluenes provided the coupled product, 5a, in 62 and 72% yields, respectively (entries 1 and 2). However, 4-chlorotoluene showed lower reactivity than phenyl tosylate (entry 4). In the case of the reaction with 4-fluorophenylhalides, they showed similar reactivity, whereas aryl iodides and bromides provided higher reactivity than phenyl tosylate (entries 4 and 5). In contrast, the aryl chlorides showed much less reactivity than others (entry 6). In the competitive reaction with 4′-haloacetophenones and phenyl tosylate, all 4′-arylacetophenones showed higher activity than the phenyl −9) . From these results, we concluded that aryl iodides and bromides show higher activity than phenyl tosylate, but aryl chlorides are less active than phenyl tosylate, except aryl chlorides bearing an electron-withdrawing group. When phenylacetylene (1a′) and 4-tolylpropiolic acid (1d) were reacted with phenyl tosylate under the optimized conditions, both coupled products 3aa and 3da were formed in 55 and 45% yields, respectively. This result suggests that the Sonogashira coupling and decarboxylative coupling showed similar reactivity toward phenyl tosylates under the optimized conditions. We paid attention to the greater stability of aryl tosylates, which can remain in the palladium-catalyzed decarboxylative coupling reaction (Scheme 3).
On the basis of our results and previous reports of coupling reaction with aryl tosylates, we propose the reaction mechanism shown in Scheme 4. Aryl tosylates react with palladium(0) species to give the aryl palladium(II) complex A through oxidative addition. Arylpropiolic acid reacts with the aryl palladium complex A in the presence of a base to afford aryl alkynyl palladium (II) complex B through decarboxylation and ligand-exchange steps and finally the desired coupled product is formed through reductive elimination.
CONCLUSIONS
In summary, we developed a decarboxylative coupling reaction with alkynyl carboxylic acids and aryl tosylates. The optimized conditions are Pd(PPh 3 ) 2 Cl 2 (1.5 mol %), CyPF-tBu (5.0 mol %), and Cs 2 CO 3 in DMF solvent. Various arylpropiolic acids bearing alkyl, alkoxy, fluoro, ester, and ketone groups coupled with aryl tosylates afforded the desired diaryl alkynes in good yields. In addition, alkyl-substituted propiolic acids, such as octynoic and hexynoic acids, also gave the decarboxylative coupled products in good yields. We found that the electronic properties of the phenyl ring substituents in arylpropiolic acids are an important factor in the reactivity in this decarboxylative coupling reaction. Thus, arylpropiolic acid having electrondonating groups showed higher yields of products than those having electron-withdrawing groups. However, fluoride substituents showed similar activity to alkyl substituents. Phenyl tosylates were much less active in this decarboxylative coupling reaction than both aryl iodides and bromides. However, they provided higher product yields than aryl chlorides, except in the case of aryl chlorides bearing acetyl groups. In addition, we found that arylpropiolic acids and terminal alkynes exhibited almost same reactivity toward the coupling with phenyl tosylate.
EXPERIMENTAL SECTION

General Procedure for Decarboxylative Coupling Reactions of Alkynyl Carboxylic Acids and Aryl
Tosylates. Alkynyl carboxylic acid (2.0 mmol), CyPF-tBu (55 mg, 0.1 mmol), bis(triphenylphosphine)palladium(II) dichloride (21 mg, 0.03 mmol), Cs 2 CO 3 (782 mg, 2.4 mmol), aryl tosylate (2.0 mmol), and DMF (5 mL) were added to the reaction vial. The mixture was stirred at 130°C for 6 h. Then, the mixture was extracted with Et 2 O. The organic layer was dried over magnesium sulfate. Evaporation of the solvent under reduced pressure provided the crude product, which was purified by column chromatography on silica gel. Note: It is noteworthy that the combination of DMF and Cs 2 CO 3 at high temperature has occasionally resulted in rapid CO release. Therefore, when the reaction was carried out on gram scale, special equipment is required for safer processing with pressure control. 131.6, 129.1, 128.7, 128.3, 128.22, 128.15, 123.3, 123.0, 89.5, 89.0, 21.2 136.6, 132.6, 131.5, 129.6, 129.0, 128.3, 128.0, 123.5, 120.4, 89.7, 88.5, 19.8, 19.6 0, 138.4, 131.7, 131.4, 130.3, 128.3, 128.0, 126.4, 123.7, 119.9, 92.6, 88.5, 21.4, 20.6 9, 133.6, 131.7, 129.8, 128.3, 128.1, 123.6, 120.5, 112.4, 110.7, 93.5, 85.8, 55.9; MS (EI) 3, 131.6, 129.4, 128.4, 128.3, 124.3, 124.2, 123.2, 116.3, 115.0, 89.3, 89.2, 55.3 ; MS (EI) m/z: 208 (M + ). 4.1.9. 1-Methoxy-4-(phenylethynyl)benzene (3ia).
17 3-(4-Methoxyphenyl)propiolic acid (1i) (352 mg, 2.0 mmol) and phenyl tosylate (2a) (496 mg, 2.0 mmol) afforded 1-methoxy-4-(phenylethynyl)benzene (3ia) (379 mg, 1.82 mmol, 91% 6, 133.0, 131.4, 128.3, 127.9, 123.6, 115.3, 114.0, 89.3, 88.0, 55.3 8, 147.4, 131.5, 128.3, 128.1, 126.3, 123.3, 116.5, 111.5, 108.5, 101.3, 89.3, 87.8 9, 131.4, 128.41, 128.36, 127.2, 127.1, 123.3, 122.9, 93.0, 82.6; MS (EI) 6, 131.7, 131.5, 129.51, 129.46, 128.8, 128.4, 128.0, 122.7, 92.3, 88.6, 52.2; MS (EI) 136.2, 131.74, 131.70, 128.8, 128.4, 128.3, 128.2, 122.6, 92.7, 88.6, 26.6 ; MS (EI) m/z: 220 (M + ). 4.1.17. Hept-1-yn-1-ylbenzene (3sa). 18 Oct-2-ynoic acid (1s) (280 mg, 2.0 mmol) and phenyl tosylate (2a) (496 mg, 2.0 mmol) afforded Hept-1-yn-1-ylbenzene (3sa) (265 mg, 1.54 mmol, 77% yield); 1 H NMR (500 MHz, CDCl 3 ) δ 7.39 (m, 2H), 7.28−7.24 (m, 3H) 5, 128.1, 127.4, 124.1, 90.4, 80.5, 31.1, 28.5, 22.2, 19.3, 14.0 5, 128.2, 127.5, 124.1, 90.2, 80.7, 22.2, 21.4, 13.6 ; MS (EI) m/z: 144 (M + ). 4.1.19. 1-Methyl-2-(phenylethynyl)benzene (3ab).
10 3-Phenylpropiolic acid (1a) (292 mg, 2.0 mmol) and o-tolyl tosylate (2b) (525 mg, 2.0 mmol) afforded 1-methyl-2-(phenylethynyl)benzene (3ab) (323 mg, 1.68 mmol, 84% yield). This compound is the same as 3ba.
4.1.20. 1-Methyl-3-(phenylethynyl)benzene (3ac). 17 3-Phenylpropiolic acid (1a) (292 mg, 2.0 mmol) and m-tolyl tosylate (2c) (496 mg, 2.0 mmol) afforded 1-methyl-3-(phenylethynyl)benzene (3ac) (373 mg, 1.94 mmol, 97% yield). This compound is the same as 3ca.
4.1.21. 1-Methyl-4-(phenylethynyl)benzene (3ad). 17 3-Phenylpropiolic acid (1a) (292 mg, 2.0 mmol) and p-tolyl tosylate (2d) (496 mg, 2.0 mmol) afforded 1-methyl-4-(phenylethynyl)benzene (3ad) (369 mg, 1.92 mmol, 96% yield). This compound is the same as 3da.
4.1.22. 1-Methoxy-4-(phenylethynyl)benzene (3ae). 17 3-Phenylpropiolic acid (1a) (292 mg, 2.0 mmol) and 4-methoxyphenyl tosylate (2e) (557 mg, 2.0 mmol) afforded 1-methoxy-4-(phenylethynyl)benzene (3ae) (308 mg, 1.48 mmol, 74% yield). This compound is the same as 3ia.
4.1.23. 1-(Phenylethynyl)naphthalene (3af). 10 3-Phenylpropiolic acid (1a) (292 mg, 2.0 mmol) and naphthalen-1-yl tosylate (2f) (597 mg, 2.0 mmol) afforded 1-(phenylethynyl)-naphthalene (3af) (397 mg, 1.74 mmol, 87% yield); 2, 133.1, 131.6, 130.3, 128.7, 128.4, 128.34, 128.30, 126.7, 126.4, 126.2, 125.2, 123.3, 120.8, 94.3, 87.5; MS (EI) 0, 132.8, 131.7, 131.4, 128.42, 128.39, 128.3, 128.0, 127.79, 127.77, 126.7, 126.5, 123.3, 120.6, 89.8, 89.7; MS (EI) 3, 148.6, 138.4, 131.7, 128.8, 128.5, 123.0, 122.5, 120.5, 92.6, 85.9 136.5, 134.2, 132.0, 128.40, 128.37, 128.3, 128.2, 126.1, 123.5, 123.4, 121.6, 95.4, 87 10 3-(pTolyl)propiolic acid (1d) (320 mg, 2.0 mmol) and o-tolyl tosylate (2b) (525 mg, 2.0 mmol) afforded 1-methyl-2-(ptolylethynyl)benzene (3db) (256 mg, 1.24 mmol, 62% yield); 1 H NMR (500 MHz, CDCl 3 ) δ 7.48 (d, J = 7.5 Hz, 1H), 7.43− 7.42 (m, 2H), 7.21−7.20 (m, 2H), 7.15−7.13 (m, 3H) 138.3, 131.7, 131.4, 129.4, 129.1, 128.1, 125.5, 123.2, 120.4, 93.5, 87.7, 21.5, 20.7 ; MS (EI) m/z: 206 (M + ). 4.1.29. 1-Methyl-3-(p-tolylethynyl)benzene (3dc). 20 3-(pTolyl)propiolic acid (1d) (320 mg, 2.0 mmol) and m-tolyl tosylate (2c) (496 mg, 2.0 mmol) afforded 1-methyl-3-(ptolylethynyl)benzene (3dc) (380 mg, 1.84 mmol, 92% yield); 1 H NMR (500 MHz, CDCl 3 ) δ 7.42 (d, J = 8.1 Hz, 2H), 7.36− 7.35 (m, 2H), 7.22 (m, 1H), 7.15−7.13 (m, 3H) 138.0, 132.1, 131.5, 129.1, 129.0, 128.6, 128.2, 123.2, 120.3, 89.2, 55.9, 21.5, 21. 4, 138.0, 133.0, 131.3, 129.1, 120.5, 115.6, 113.9, 88.6, 88.2, 55.3, 21.5 ; MS (EI) m/z: 222 (M + ). 4.1.31. 1-(p-Tolylethynyl)naphthalene (3df). 9 3-(p-Tolyl)-propiolic acid (1d) (320 mg, 2.0 mmol) and naphthalen-1-yl tosylate (2f) (597 mg, 2.0 mmol) afforded 1-(p-tolylethynyl)-naphthalene (3df) (291 mg, 1.20 mmol, 60% yield); 1 H NMR (500 MHz, CDCl 3 ) δ 8.44 (d, J = 7.9 Hz, 1H), 7.83 (m, 2H), 7.74 (m, 1H), 7.60−7.50 (m, 4H) 
